The paper introduces an Unified Direct-Flux Vector Control (UDFVC) scheme suitable for simusoidal AC motor drives. The AC drives considered here are the Induction Motor (IM) drives, Synchronous Reluctance (SyR) and synchronous Permanent Magnet (PM) drives of the Interior PM (IPM) and Surface-mounted PM (SPM) types. The proposed controller operates in stator flux coordinates: the stator flux amplitude is directly controlled by the direct voltage component, while the torque is controlled by regulating the quadrature current component. The control firmware is the same for all the motor under test with the only exception of the magnetic model used for flux estimation at low speed. The UDFVC is particularly convenient when flux-weakening is required, since it easily guarantees maximum torque production under current and voltage limitations. Experimental results on four different drives are provided.
I. INTRODUCTION
The concept of a unified control scheme to be used with different AC motors is known from more than one decade: industrial controllers are available on the market [1] and unified vector control schemes have been proposed in the literature [2] for IM and SPM motor drives. The general approach called "active-flux" has been proposed in [3] including IM, IPM, SPM, SyR and wound rotor synchronous motors. All the cited schemes [1] [2] [3] use rotor flux orientation and current vector control.
The goal of the paper is to propose a control strategy with high degree of generality to be used either with IM, IPM, SPM and SyR motor drives. In contrast with other unified solutions based on rotor flux orientation, the proposed UDFVC scheme uses a Direct Stator Flux Control (DSFC) approach implemented in the stator flux reference frame. The stator flux is directly controlled by the d-axis component of the stator voltage vector, while the torque is controlled by regulating the q-axis component of the stator current vector. The direct flux control makes the proposed UDFVC particularly convenient for machines with flux-weakening capability, widely applied in traction, spindle drives and home appliances. For all the motor types, maximum torque production is guaranteed in flux-weakening, and the inverter voltage and current limits are fully exploited with no influence of the motor parameters, even in the case of a variable DC link voltage [4] [5] . Although the proposed UDFVC can be extended for sensorless applications, only sensored control is considered here, i.e. the rotor position is measured by means of a position sensor.
Experimental results are presented for IM, IPM, SPM ans SyR machines, showing the feasibility of the proposed control, and in particular the robust flux-weakening operation.
II. MODELING OF THE AC MACHINES As a general notation, the machine stator vectors (voltage, flux, current) will be called v , λ and i respectively, and the subscript "s" will refer to the stator flux reference frame when associated to those variables. 978-1-4244-5287-3/10/$26.00 ©2010 IEEE The adopted vector reference frames are defined in Fig. 1 , for all the considered machines: stationary frame (α,β), rotor frame (d m ,q m ), rotor flux frame (d,q) and stator flux frame (d s ,q s ). The axis alignment chosen for the SyR motor ( Fig. 1d) is unconventional because the d-axis is along the minimum permeance axis and not along the maximum permeance as usual in the literature. This choice permits to adopt a unified magnetic model of the three considered synchronous machines (SyR, IPM, SPM), as will be clarified in the following subsection.
Independently of the adopted reference frame (stationary, rotor flux, stator flux), all the considered AC machines have the same voltage model (1) and torque expressions (2) . For example in the rotor synchronous frame:
where R s is the stator resistance, ω is the synchronous speed and p is the number of pole-pairs. Each machine has its own specific current-to-flux vector relationship: in the following subsections the magnetic models of the considered motors will be briefly summarized, expressed in the rotor mechanical frame (d m ,q m ) that coincides with the rotor synchronous frame (d,q) for all the synchronous machines (SyR, IPM, SPM). The reason of this choice will be better clarified in the "Flux Observer" subsection.
A. IPM, SyR and SPM motor magnetic models
The simplified IPM magnetic model in rotor coordinates can be expressed as:
where L d and L q are the d-axis and q-axis inductances and λ m is the magnets flux contribution. The model of an isotropic SPM motor is also represented by (3), with L d = L q = L s , while the model of a SyR motor is
A more realistic model should account for magnetic saturation and cross-saturation [8] , in particular for IPM and SyR motors. As will be clarified in the following, a very precise control of the torque value at low speed requires that the magnetic model is accurately identified [9] and implemented in the form of 2-dimensional look-up tables
B. IM magnetic model
The current to flux relationship for the IM is (4), where the rotor flux follows from the rotor equation (5) [7] .
where σ is the leakage factor, L s is the stator inductance, τ r = L r /R r is the rotor time constant and k r = L m /L r (font size) is the rotor coupling factor. As said, the rotor position reference frame (d m ,q m ) has been adopted in (5) .
III. UNIFIED DIRECT-FLUX VECTOR CONTROL IN STATOR FLUX

COORDINATES
The voltage model (6) and torque equation (7) are common to all the machines also in the stator flux frame as
where ω is the rotor synchronous speed and δ is the load angle i.e. the phase angle of the stator flux with respect to the rotor flux (IM) or with respect to the d-axis (SyR, SPM, IPM). From (6) it results that the stator flux amplitude λ can be regulated by means of the d s -axis voltage, while the load angle (i.e. torque) can be controlled by means of the q s -axis voltage for regulating the electromagnetic torque. However, the torque expression (7) suggests that the control of the q saxis current instead of the load angle may lead to a simple and unified torque control scheme [4] [5] . Further manipulation of the quadrature state equation in (6) is thus necessary for all the machines.
A. Quadrature current equation for IPM, SyR and SPM
As described in [4] , the q s -axis current equation for an IPM motor is (8) .
Where the two factors k and b are defined in (9) and will indicated with the subscript IPM from now on:
The SyR motor model is obtained from the IPM model with the magnet flux λ m equal to zero in the b factor, while the k factor is the same of (9).
The SPM motor has k equal to zero and a simplified expression of b:
It must be underlined that the b factor is representative of the torque derivative with respect to the load angle δ (12), as better clarified in [4] .
The effects of b in flux-weakening operation, and in particular the relationship between b and the maximum torque per voltage (MTPV) operation will be put in evidence in the following subsections (III.C -III.E).
B. Quadrature current equation for IM
As shown in [5] the q s -axis current equation for an IM is:
where R eq = R s + k r /k s ⋅R r and ω slip is the slip speed defined
C. Direct flux vector control
From the machines state-space models (6) 
). The closedloop control of i qs rejects the effects of such moderate crosscoupling. c) For the synchronous motors (IPM, SyR, SPM), the i qs control is stable in the operating region where b(λ,δ)>0, while it becomes unstable where b < 0, according to (8) . It will be shown in the following that the b = 0 boundary coincides with the MTPV trajectory. MTPV operation is achieved in the proposed control by limiting the flux phase angle δ to a proper value, that is typical of each motor type. The respect of the MTPV constraint also ensures the control stability over the entire speed range. Moreover, it will be experimentally demonstrated that the implemented MTPV strategy keeps the i qs control stable also in case the stability boundary b = 0 is eventually crossed.
D. Maximum torque per voltage operation
The MTPV operation occurs in flux-weakening at high speed and it is also called voltage limited operation [6] . In this operating range it is no longer convenient to exploit the full inverter current I max for obtaining the maximum torque from the drive, given the voltage limit. The current is reduced according to the flux load angle. With reference to voltage controlled drives, the MTPV torque is the so called pull-out torque, and coincides with a specific value of the load angle δ. Such value will be indicated as δ max from now on and depends of the motor type. The derivation of δ max for the considered motors can be easily made by expressing the electromagnetic torque (2) as a function of the flux amplitude and phase, and then posing to zero the torque partial derivative with respect to δ, that is at constant flux amplitude.
E. Pull out torque angle of IPM, SyR and SPM motors
The manipulation of (2) and (3) leads to (14) .
The torque derivative with respect to δ is (15):
The MTPV load angle condition is (16), obtained by imposing that (15) is zero:
For the SyR and SPM motors, equation (16) has an easy solution. In particular, for SyR the right side of (16) is zero (λ m = 0) and leads to (17):
For SPM the left side of (16) is zero (
A comment is needed about the SyR motor. The value 135° has been indicated instead of 45° because of the particular choice of the reference axes, introduced in Fig. 1 and commented in section II. With the adopted axes, the motoring operation of the SyR machine is in the second quadrant of the dq plane, thus the 135° value is the one to be considered. With standard dq axes the more familiar solution δ max = 45° would have been obtained.
Dealing with the IPM motor, the solution of (16) depends of the relationship between the motor saliency, represented by the (L q -L d )/L q term, and the PM flux, that is different from motor to motor since many different design types are included in the IPM category. In any case, the solution of (16) leads to a δ max that is in the middle between (17) 
For IPM motors with high saliency the value tends to 135° as for a SyR motor, while it tends to 90° for low saliency motors, as for a SPM motor.
According to the definition of b (12), the condition b = 0 coincide with the MTPV condition. As said, the i qs control would become instable in case of b < 0, thus the correct exploitation of the MTPV control trajectory maintains the proposed control stable over the whole speed range, as it will be shown in sections IV and V.
F. Pull out torque angle of the IM
In rotor flux coordinates, the substitution of λ r = L m i d in (4) leads to (20):
Thus the manipulation of (2) and (20) leads to:
The torque derivative with respect to δ is (22):
The MTPV load angle is then the well known 45°:
IV. UDFVC IMPLEMENTATION
The proposed UDFVC control scheme is shown in Fig. 3 for a speed-controlled AC drive. The torque reference is computed using the flux and quadrature current references (λ * , i qs * ) according to (7) . The flux set-point at low speed can be a constant value (e.g. for IM and SyR drives) or can be a function of the torque set-point. In Fig. 3 the maximum torque per Ampere (MTPA) law has been chosen, but simpler functions are possible with no significant side-effects [4] . The main blocks of Fig. 3 are discussed in the following subsections. 
A. Stator flux observer
The unified stator flux observer (Fig. 2) is based on the current-to-flux model at low speed and on back-EMF integration at high speed [7, 10] . The magnetic model is represented for all the machines in the rotor position frame (as in Section II) that is also the synchronous frame for synchronous machines. In general terms such scheme can be indicated as a reduced-order VIθ m closed-loop observer. The crossover angular frequency ω co between low-speed and high speed models coincides with the observer gain g (rad/s).
For synchronous machines the simple magnetic model (3) or more accurate models can be adopted. For IM drives the model is (5) and it is affected, as usual, by the uncertainty on the two parameters L m and τ r . In case of an inaccurate model the realized torque differs from the torque set point but the control is stable. In other words the motor parameter inaccuracies or variations affect only the low-speed drive performance and not the high-speed performance, as it happens with current vector control. The outputs needed for the control are put in evidence in Fig. 2 .
If the very low speed operation is not required and the starting torque is moderated, the magnetic model feedback can be eliminated from Fig. 2 . In this case, the unified stator flux observer becomes a simple stator flux estimator with Low-Pass Filter (LPF), where the gain g is the LPF pole [11] . Gain and phase compensation may be required, depending on g value and the minimum electrical speed ω.
B. Vector control
The vector control block in Fig. 3 contains the flux and quadrature current regulators that give the voltage reference in stator flux coordinates. The regulators are of the proportional-integral (PI) type and the firmware is the same for all the motors. The bandwidth of the λ control is independent of magnetic saturation and machine model, thus the settings of the PI flux regulator are the same for all the motors. The i qs control loop, according to (8) , has disturbance terms. The term ω m λ is feed forward compensated in all the motors, while the other terms are compensated by the integrative regulator.
C. Maximum voltage limitation
The maximum voltage limit is respected by limiting the flux reference according to the synchronous speed and the actual DC link voltage (24).
where V max is the inverter maximum voltage that is updated according to the measured DC link voltage [4] [5] .
D. Maximum current limitation
The motor phase current is limited by saturating the quadrature current reference according to (25), where Imax is the inverter maximum current. 
E. Maximum torque per voltage (MTPV) current limitation
As introduced in the subsections III.D-III-F, the MTPV operation can be obtained by limiting the load angle to an upper value δ max , that depends of the motor type.
There is a tight relationship between the i qs current component and the load angle δ. In particular, the limitation of the i qs current produces a limitation of the load angle. For this reason, the control in the MTPV operation is obtained by limiting the i qs current reference, according to the observed load angle. As the just described I max saturation keeps the current inside the inverter limit, this further current limitation is performed by the same saturation block (see Fig. 3 ) and leads to a reduction of the current amplitude below the inverter limit (|i| < I max ), as requested by the MTPV constraint. The angle limits have been calculated in section III. Dealing with the IPM case (19), the exact value depends of the motor characteristics and can be evaluated by model manipulation or by a dedicated test at no-load.
The unified i qs limitation strategy limits the i qs reference according to the observed load angle, by means of a proportional-integral regulator (PI) that further reduces the i qs * maximum value (25) in case the δ max set point is exceeded.
It can be demonstrated that the PI-based δ max control overcomes the instability problems of (λ, i qs ) control with any δ max set-point, properly or improperly selected.
V. EXPERIMENTAL RESULTS
The experimental tests have been carried out on four different machines (IM, IPM, SPM, SyR), whose detailed characteristics are reported in the Appendix.
A. Experimental setup
The IM, IPM and SyR have similar size and operating speed, according to their common application field that is home appliances. In particular, the SyR motor is a prototype derived from a IPM prototype for home appliances, purposely built with no magnets for development purposes and performance comparison. Thus the SyR has limited constant power speed range and operating speed range (0÷6000 rpm), with respect to the IM and IPM ones (0÷16000 rpm). The SPM motor is of a larger size, larger current and has a lower maximum speed (6000 rpm).
Two different experimental rigs have been used for the tests. For the small size motors (IM, IPM and SyR) the inverter is 10A (pk) output current, with 220V/50Hz single phase input and a passive rectifier. The controller is a dSPACE DS1103 PPC board in this case.
For the SPM motor a larger size inverter has been used, controlled by a floating-point micro controller (ADSP 21060). The current limit is set to 20A in this case that is nearly half of the motor characteristic current and permits to reach a maximum speed of 6000 rpm that is the motor rating due to centrifugal constraints.
For all the tests the PWM switching frequency and the sampling frequency are 10kHz.
B. Speed reversals
In Figs. 4-7 step speed reversals are shown for the four machines. The reported signals are the measured speed, the controlled variables λ and i qs and one phase current.
In Fig. 4 , the IM speed reversal is shown, between negative and positive 16000 rpm, with the inverter current limit set to 8 A peak. In the low speed range (0.1s ÷ 0.4 s) the phase current is limited to 8 A by the maximum current limitation. Out of this time interval the phase current is reduced by the MTPV control block, through the limitation of the qs component. The deceleration transient (-16000 ÷ 0 rpm) is faster than the acceleration one for two reasons: the motor losses (iron, copper) contribute to decelerate, and also the higher dc-link voltage (due to motor braking the DC link capacitor charges) allows obtaining a higher flux reference, according to (24), and thus a higher torque. The noise on i q during acceleration is due to the 100 Hz dc-link voltage ripple.
In Fig. 5 the speed reversal of the IPM motor, with maximum current set to 5 A peak, has similar characteristics. For most of the time the phase current amplitude is less than 5A due to the MTPV limitation, while maximum current operation is evidenced at low speed (<4000rpm).
In Fig. 6 the speed reversal of the SPM motor is shown between negative and positive 6000 rpm with two different ramps and the inverter current limited to 20 A peak. The fast ramp (top) shows that the current needed for demagnetization at 6000rpm, no-load is much higher than the i qs current needed for fast acceleration (10A).
In Fig. 7 the speed reversal of the SPM motor is shown between negative and positive 6000 rpm with the inverter current limited to 5 A peak. The motor torque is heavily limited by the MTPV above 4000 rpm (absolute value) and results in a very limited speed range in flux weakening. However, such limitation is typical of the SyR motor type, while the control fully exploits the torque capability of the drive.
C. MTPV operation.
The trajectories of the flux vector in the dq rotor flux reference frame are shown for the IM, IPM and SyR cases, during the speed reversals described in the previous subsection. The SPM motor has a limited flux weakening capability at rated current and has not been tested in MTPV operation, that would have required an 250% overload (i.e. a current greater than the characteristic current -see Table I ).In Fig. 8 the flux trajectory of the IM motor is shown, with the MTPV limitation at δ max = 45°. The red and blue traces are superimposed and represent the deceleration and acceleration paths, respectively. As said, the noise in acceleration is due to the dc-link voltage ripple, since the flux amplitude reference is limited according to the current value of the dc-link, filtered by a first -order low-pass filter with cut-off frequency of 25 Hz.
In Fig. 9 -a the trajectories for the IPM motor have a poor quality due to the signals downsampling during the duration of the speed transient (2.5 s). The load angle is limited at δ max = 126° since the motor under test has a high saliency and a low per-unit PM flux.
In Fig. 9 -b the trajectories for the SyR motor reveal the poor flux weakening capability of the drive (the rated flux is not so far from the MTPV angle). The load angle is limited at δ max = 135°.
VI. CONCLUSIONS
The proposed unified direct-flux vector control consists of a common control firmware that applies to four sinusoidal AC motor types. The only implementation difference is the motor model used in the stator flux observer for low-speed operation. Simplified or detuned motor models can produce steady-state torque error but no worse side-effect. The current and voltage limits are fully exploited by limiting the control references with simple formulas that are independent of the motor parameters and valid also in case of a variable DC link. Experimental results have been presented for all motors for heavy speed transients, demonstrating the feasibility of the proposed solutions. 
APPENDIX
The four motors under test are: one commercial motor (IM) and two prototypes (IPM, SyR) for home appliances. The SPM motor is a prototype for industrial fans. The ratings of the motors are reported in Table I . 
